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In  recent  years,  the  use  of  absorption  heat  transformers  (AHTs)  has  reached  a  remarkable  edge.  AHTs 
have  great  potential  in  the  utilization  and  upgrading  of  low-level  heat  sources.  These  are  typically  waste 
heat  obtained  from  industrial  processes  and  those  supplied  from  solar  and  geothermal  sources.  Other 
benefits  of  absorption  cycles  include  using  significantly  less  electricity,  potentially  having  less  C02 
emission,  causing  no  ozone  layer  depletion,  and  using  natural  refrigerants;  and  these  contribute  to 
increasing  the  attractiveness  of  these  machines.  The  use  of  absorption  heat  transformers  has  become 
even  more  popular  as  the  cost  of  fossil  fuel  continues  to  rise.  In  the  present  work,  a  comprehensive 
literature  review  has  been  carried  out  on  AHTs,  their  applications,  crystallization  risk,  working  fluids,  as 
well  as  performance  evaluation  by  applying  different  models  and  economic  aspects. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

A  heat  transformer  is  a  device  which  can  deliver  heat  at  a  higher 
temperature  than  the  temperature  of  the  fluid  by  which  it  is  fed. 
Absorption  heat  transformer  systems  are  attractive  because  they  use 
waste  heat  from  industrial  processes  and  renewable  energy  sources 
such  as  solar  and  geothermal.  In  addition,  they  can  be  used  to 
upgrade  low  temperature  waste  heat  to  that  of  higher  temperatures 
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to  be  employed  in  a  secondary  process.  The  integration  of  AHTs  with 
different  thermodynamic  cycles  plays  an  important  role  in  recovering 
the  heat  rejected  by  them  or  even  increasing  the  energy  efficiency  of 
the  whole  system.  There  is  a  great  number  of  review  papers  about 
absorption  refrigeration  systems  [1-3];  yet  to  the  best  of  the  authors' 
knowledge,  there  is  no  work  on  the  review  of  absorption  heat 
transformers  (AHTs).  Therefore,  this  review  shall  help  in  filling  this 
gap,  and  this  paper  will  discuss  the  major  issues  related  to  AHTs. 
Firstly,  single  and  double  effect  absorption  heat  transformers  will  be 
considered.  Then,  applications  of  AHTs  and  the  working  fluids 
utilized  in  them  will  be  reviewed.  Finally,  risk  analysis  methods  for 
crystallization  in  AHTs  and  economic  aspects  will  be  considered. 
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Principally,  the  absorption  heat  transformers  can  be  configured  to  be 
single  stage  absorption  heat  transformers  (SAHTs),  double  stage  and 
double  effect  absorption  heat  transformers  (DAHTs),  or  triple  absorp¬ 
tion  heat  transformer  (TAHTs). 

The  present  work  will  substantially  review  the  advances  in 
SAHTs  and  DAHTs  in  the  subsequent  sections.  Since  TAHTs  have 
been  introduced  only  recently,  hence  the  references  that  can  be 
found  on  them  are  limited  [4], 


time  (Fig.  2).  The  second  used  system  had  such  a  configuration 
that  the  waste  hot  water  was  directed  first  to  the  evaporator  and 
then  to  the  generator  (Fig.  3).  In  the  third  system,  in  addition  to 
the  waste  hot  water  configuration  of  the  second  system,  an 
absorber  heat  exchanger  was  included  instead  of  the  solution  heat 
exchanger  (Fig.  4). 

Finally,  the  last  configuration  incorporated  the  second  and  third 
systems  with  the  addition  of  a  refrigerant  heat  exchanger  at  the 
evaporator  inlet  (Fig.  5). 


2.  Single  stage  AHTs 

Fig.  1  shows  the  general  schematic  of  the  absorption  heat 
transformer  in  single  stage  mode.  The  SAHT  basically  consists  of  an 
evaporator,  a  condenser,  a  generator,  an  absorber,  and  a  solution 
heat  exchanger  (SHE).  The  generator  and  evaporator  are  supplied 
with  waste  heat  at  the  same  temperature,  leading  to  increased 
heat  that  can  be  collected  at  the  absorber  [5],  The  AHT  performs  in 
a  cycle  which  is  the  reverse  of  that  of  an  absorption  heat  pump  [6], 

Refrigerant  vapor  is  produced  at  state  4  in  the  evaporator  by 
low  or  medium-grade  heat  source.  The  refrigerant  vapor  dissolves 
and  reacts  with  the  strong  refrigerant-absorbent  solution  that 
enters  the  absorber  from  state  10,  and  the  weak  solution  returns 
back  to  the  generator  at  state  5. 

The  heat  released  from  the  absorber  will  be  higher  than  the 
input  heat  in  generator  and  evaporator  due  to  the  exothermic 
reaction  of  LiBr  and  water  in  it.  In  the  generator,  some  refrigerant 
vapor  is  removed  from  the  weak  solution  to  be  sent  to  the 
condenser  and,  consequently,  the  strong  solution  from  the  gen¬ 
erator  is  returned  to  the  absorber.  After  condensing  the  vaporized 
refrigerant  in  the  condenser,  it  is  pumped  to  a  higher  pressure 
level  as  it  enters  the  evaporator.  The  waste  heat  delivered  to  the 
evaporator  causes  its  vaporization.  Again,  the  absorber  absorbs  the 
refrigerant  vapor  at  a  higher  temperature.  Therefore,  the  absorp¬ 
tion  cycles  have  the  capability  of  raising  the  temperature  of  the 
solution  above  the  temperature  of  the  waste  heat  [7], 

Kurem  and  Horuz  [6]  analyzed  the  absorption  heat  transfor¬ 
mers  using  ammonia-water  and  water-lithium  bromide  solutions. 
Their  results  showed  that  the  AHT  system  using  H20/LiBr  solution 
performed  better  than  the  system  using  ammonia  water  solution. 
Although  water-lithium  bromide  solution  was  well  suited  for  use 
in  AHTs,  it  still  had  some  disadvantages,  namely  corrosion,  high 
viscosity,  limited  solubility,  and  a  practical  upper  temperature 
limit.  Horuz  and  Kurt  [8]  investigated  an  industrial  application  of 
the  AHT  system  to  obtain  hot  process  water.  For  this  purpose,  the 
industrial  textile  company  which  had  waste  heat  sources  at 
90  +  2  °C  (4  x  15  t/h)  and  required  hot  water  for  process  at 
120  °C  was  chosen.  In  the  first  case,  in  a  basic  single  AHT,  the 
waste  heat  was  supplied  to  the  generator  and  absorber  at  the  same 
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Fig.  2.  Schematic  diagram  of  SAHT  (S-Type  I)  [8]  (redrawn  by  authors). 
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Fig.  3.  Schematic  diagram  of  SAHT  (S-Type  II)  [8]  (redrawn  by  authors). 
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Fig.  1.  Single  stage  absorption  heat  transformer  [6]. 


432 


K.  Parham  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  34  (2014)  430-452 


Waste 


Fig.  4.  Schematic  diagram  of  SAHT  (S-Type  III)  [8]  (redrawn  by  authors). 
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It  is  shown  that,  while  the  condenser  temperature  increases, 
the  COPs  and  the  absorber  heat  capacity  decrease. 

On  the  other  hand,  as  the  evaporator  and  the  generator 
temperatures  increase,  so  do  the  COPs  and  the  absorber  heat 
capacity.  Additionally,  it  is  proved  that,  when  the  evaporator 
temperature  is  higher  than  the  generator  temperature,  the  COP 
and  the  absorber  heat  capacity  increase  (Types  II— IV). 

In  fact  the  latter  is  the  most  important  result  of  Ref.  [8]  and  this 
leads  to  the  motivation  of  proposing  Configurations  (II— IV). 

Ma  et  al.  [9]  reported  the  first  industrial-scale  heat  transformer 
by  recovering  waste  heat  from  a  synthetic  rubber  plant  which  was 
used  to  heat  water  from  95  to  110  °C  with  heat  flow  of  5000  kW, 
obtaining  a  mean  coefficient  of  performance  (COP)  of  0.470,  and 
gross  temperature  lift  of  25  °C.  Furthermore,  in  this  work,  eco¬ 
nomic  analyses  were  performed  given  a  simple  payback  period  of 
2  years. 

Sotelo  and  Romero  [10]  compared  the  performance  and  GTL  of 
an  absorption  heat  transformer  with  plate  heat  exchangers  using 
water/Carrol  to  one  using  H20/LiBr.  It  was  proved  that  water/ 
Carrol  mixture  had  a  better  performance  and  higher  temperature 
lifts.  Zhang  and  Hu  [11]  investigated  the  performance  of  a  new 
working  pair:  H20+[EMIIV1]  [DMP],  in  an  AHT,  and  compared  the 
simulation  results  to  those  of  H20/LiBr  and  TFE/E181.  It  was 
concluded  that,  due  to  the  fact  that  H20+[EMIM][DIV1P]  has  an 
excellent  cycle  performance,  together  with  the  advantages  of 
negligible  vapor  pressure,  no  possibility  of  crystallization,  and  also 
having  a  weaker  corrosion  tendency  to  iron-steel  materials, 


compared  to  the  aqueous  solution  of  lithium  bromide,  it  could 
be  used  for  industrial  applications. 

Zebbar  et  al.  [12]  elaborated  a  mathematical  model  for  a  H20 / 
LiBr  AHT  to  optimize  those  parameters  having  a  significant  effect 
on  the  endo-irreversible  cycle  for  an  existing  heat  transformer 
with  already  dimensioned  total  heat  exchangers  area.  This  opti¬ 
mization  was  achieved  through  the  structural  bond  analysis  of  the 
heat  transformer  using  the  coefficient  of  structural  bond  (CSB)  and 
varied  parameters  such  as  pressure  (P)  of  the  AHT,  and  solution 
concentration  (X).  Results  showed  that  the  irreversibility  of  the 
absorber  and  generator  played  a  large  role  on  the  total  system's 
entropy  generated  in  case  of  varying  concentrations,  while  when 
the  pressure  was  varied  the  generator  and  condenser  were  the 
critical  parameters.  Moreover,  at  an  optimal  pressure  ratio  of  0.72, 
a  COP  of  0.486  was  achieved  instead  of  0.479. 

Rivera  et  al.  [13]  studied  the  performance  of  a  single-stage  heat 
transformer  operating  with  the  water/lithium  bromide  and  the 
water/Carrol'”  mixtures,  theoretically  and  experimentally.  It  was 
observed  that  almost  the  same  tendencies  and  values  of  the 
coefficient  of  performance  and  flow  ratio  are  obtained  in  general 
for  both  mixtures;  however,  because  of  the  higher  solubility  of  the 
water/Carrol'M  mixture,  the  SSHT  operated  over  a  large  range  of 
generator  and  evaporator  temperatures,  and  with  higher  gross 
temperature  lifts.  Because  the  water/Carrol™  mixture  has  higher 
solubility  than  water/lithium  bromide,  and  high  experimental 
values  were  obtained  for  the  gross  temperature  lift,  they  con¬ 
cluded  that  it  could  be  a  better  alternative  mixture  to  be  used  in 
absorption  heat  transformers. 

In  another  work,  Rivera  and  Cerezo  [14]  used  additives  1-octanol 
and  2-ethyl-l-hexanol  in  a  2  kW  single-stage  heat  transformer 
utilizing  H20/LiBr  and  operating  at  absorber  temperatures  ranging 
between  70  and  110  °C.  The  results  showed  that  at  the  same 
conditions,  absorber  temperatures  increased  about  5  C  by  adding 
400  ppm  of  2-ethyl-l-hexanol  to  the  lithium  bromide  mixture.  Also, 
it  was  shown  that  the  coefficient  of  performance  increases  by  up  to 
40%  with  the  same  additive. 

Second  law  analysis  of  the  latter  mentioned  work  was  done  far 
ahead  by  the  same  team  [15],  Their  results  demonstrated  that  for 
absorber  temperatures  between  84  and  88  °C,  the  highest  COP, 
COPEXT,  and  ECOP  are  obtained  with  the  use  of  the  2-ethyl-l- 
hexanol  (400  ppm)  additive,  reaching  values  of  up  to  0.49,  0.40, 
and  0.43,  respectively.  The  lowest  coefficients  of  performance  and 
the  highest  irreversibility  rates  were  obtained  using  the  single 
water/lithium  bromide  mixture.  It  was  found  that  2-ethyl-l- 
hexanol  decreases  the  irreversibility  considerably  in  the  absorber, 
thereby  increasing  the  efficiency  of  this  component,  and  hence  of 
the  entire  equipment. 

Thermodynamic  design  data  for  absorption  heat  transformers 
without  utilizing  heat  exchanger  and  with  operation  of  different 
working  fluids  have  been  proposed  by  several  researchers  [16-23], 
(More  information  is  available  in  Table  1.) 

Sozen  and  Yucesu  [24]  proposed  a  single  stage  absorption  heat 
transformer  that  uses  an  ejector  before  the  absorber  as  illustrated 
in  Fig.  6.  The  results  demonstrated  that  a  reduction  of  12%  and  10% 
exergy  losses  is  possible  in  the  absorber  and  generator,  respec¬ 
tively.  Sozen  [25]  developed  a  mathematical  model  for  simulating 
the  performance  of  an  AHT  system  with  NH3/water  as  working 
fluid  and  that  is  powered  by  a  solar  pond.  The  maximum  upgrad¬ 
ing  of  the  solar  pond's  temperature  by  the  AHT  is  obtained  at 
51.5  °C,  with  a  gross  temperature  lift  at  93.5  °C,  and  with  coeffi¬ 
cients  of  performance  of  about  0.4.  The  maximum  temperature  of 
the  useful  heat  produced  by  the  AHT  was  approximately  150  °C. 
The  exergy  analysis  demonstrated  that  the  non-dimensional 
exergy  loss  in  the  absorber  was  about  70%,  while  in  the  generator 
it  was  above  10-20%,  and  in  the  condenser  it  increased  with  an 
increase  in  condenser  temperature. 


Table  1 

Single  stage  absorption  heat  transformer. 


Configuration 

Teva  (°C) 

Tsen  (°C) 

Tcon  (°C) 

WQ 

Working  pair 

/ 

GTL  (°C) 

COP 

Heat  source 

Remarks 

Reference 

(S-Type  I) 

80 

80 

25 

130 

H20/LiBr 

9.51 

50 

0.48 

Waste  heat  from  a  cogeneration 

While  the  Tcon  increases  the  COPs  and  the  Qabs 

[18] 

system  in  a  textile  company 

decrease 

(S-Type  II) 

80 

73 

25 

130 

H20/LiBr 

18.63 

50 

0.46 

Waste  heat  from  a  cogeneration 

*Less  COP  than  that  of  S-Type  I*Qabs  and 

[18] 

system  in  a  textile  company 

produced  hot  water  increased  by  81.1%  and  2.81% 

(S-Type  III) 

80 

73 

25 

130 

H20/LiBr 

18.63 

50 

0.53 

Waste  heat  from  a  cogeneration 
system  in  a  textile  company 

Increase  in  COP  and  / 

[18] 

(S-Type  I) 

90 

90 

35 

130 

H20/LiBr 

-3-30 

0.494 

Higher  COP  but  crystallization  is  a  problem 

[21] 

(S-Type  I) 

90 

90 

35 

130 

[EMIM][DMP] 

-3-30 

0.481 

- 

No  Crystallization,  COP  and  ECOP  lower  than 
H20+LiBr  but  higher  than  that  of  TFE  +  E181 

[21] 

(S-Type  I) 

90 

90 

35 

130 

TFE-E181 

-3-30 

0.458 

COP  and  ECOP  is  lowest  compared  to  H20+LiBr 
and  TFE  +  E181 

[21] 

(S-Type  IV) 

80 

73 

25 

130 

H20/LiBr 

18.63 

50 

0.55 

Waste  heat  from  a  cogeneration 

*14.1%,  158.5%  and  3.59%  increase  in  COP,  Q,bs  and 

[18] 

system  in  a  textile  company 

produced  hot  water  compared  to  S-Type  I 

(S-Type  I) 

70-80 

70-80 

25-30 

H20/LiBr 

- 

Max  GTL  a 

Max 

- 

- 

[23] 

42  c 

COP« 

0.5 

(S-Type  I) 

70-80 

70-80 

25-30 

H20-Carrol 

- 

Max  GTL« 

Max 

- 

Higher  GTL  than  that  of  H20-LiBr,  less  corrosivity. 

[23] 

52°c 

COP« 

0.47 

(S-Type  I) 

Qeva  =420, 

Qgen=446,  496 

- 

80-87 

H20/LiBr  + 

- 

- 

0.10-0.21 

- 

The  additive  increases  slightly  the  Tabs  and  COP 

[24] 

425  W 

and  523  W 

(1-octanol) 

(S-Type  I) 

Qeva  = 420, 

Qgen=446,  496 

- 

83-92 

H20/LiBr+ 

- 

- 

0.14-0.26 

- 

The  additive  increases  considerably  the 

[24] 

425  W 

and  523  W 

(2-ethyl-l-hexanol) 

performance  of  the  system 

(S-Type  I) 

30-70 

30-90 

10-50 

40- 

Ammonia-water 

1.43-18.6 

0.024- 

COP  decreases  while  the  flow  ratio  increases  with 

[26] 

120 

0.454 

an  increase  in  absorber  temperature. 

(S-Type  I) 

30-90 

30-90 

10-50 

50- 

H20  -carroi 

2.86-81.87 

0.218- 

The  use  of  heat  transfer  additives  in  order  to 

[27] 

150 

0.495 

achieve  high  heat  and  mass  transfer  rates  in  the 
absorber  must  be  emphasized  when  using  more 
viscous  absorbent  mixtures  as  Carrol 

(S-Type  I) 

30-90 

40-90 

10-50 

60- 

Ammonia-sodium 

3.81-20.9 

0.001- 

The  rate  of  COP  increase  depends  on  the  absorber 

[28] 

140 

thiocyanate 

0.507 

temperature  when  the  generator  temperature  is 
increased  from  a  lower  temperature  level  than 
the  evaporator  temperature. 

(S-Type  I) 

30-90 

50-90 

10-50 

70- 

Ammonia-lithium 

3.22-27.16 

0.013- 

Higher  COP  at  lower  absorber  temperature 

[29] 

140 

nitrate 

0.509 

(S-Type  I) 

30-80 

40-80 

10-50 

50- 

Water-calcium 

4.94- 

0.023- 

The  sensitivity  of  decrease  in  COP  is  greatest  at 

[30] 

100 

chloride 

101.96 

0.512 

the  lower  level  of  the  waste  heat  temperature 

(S-Type  I) 

30-70 

40-90 

10-50 

60- 

Water-lithium 

2.59-22.23 

0.172- 

The  COP  of  the  system  in  low  temperature  is 

[31] 

100 

chloride 

0.510 

higher  than  H20-LiBr  and  H20-LiCl 

(S-Type  I) 

30-90 

30-90 

10-50 

50- 

Aqueous-ternary 

3.32-97.14 

0.106- 

The  rate  of  decrease  in  COP  is  higher  for  higher 

[33] 

150 

hydroxide 

0.504 

condenser  temperature 

(S-Type  I) 

58 

58 

20 

-150 

h2o-nh3 

93.5 

0.4 

Solar  pond 

The  maximum  temperature  of  the  useful  heat 
produced  by  the  AHT  was  —150 

(S-Type  I) 

70 

70 

30 

85-112 

H20/LiBr 

3-8 

- 

0.43- 

- 

- 

[35] 

0.485 

(EAHT) 

58 

58 

20 

150 

h2o-nh3 

97.5 

0.5 

Solar  pond 

Pressure  recovery  and  pre-absorption  in  the 
ejector  improves  the  efficiency  of  the  AHT. 

[36] 

(EAHT) 

70 

70 

30 

90-117 

H20/LiBr 

3-9 

- 

0.43- 

- 

Higher  useful  delivered  temperature  and  better 

[34] 

0.49 

performance 

Vertical  falling 

70-85 

70-85 

25-35 

90-110 

H20/LiBr 

20-25 

-0.43- 

Hot  water 

New  approach  leads  to  a  significantly  higher  COP 

[36] 

film  AHT 

-0.48 

and  exergy  efficiency  under  off-design  conditions 

(Fig.  8) 

(S-Type  I) 

80 

80 

25 

130 

H20/LiBr 

9.51 

50 

0.48 

Waste  heat  from  a  cogeneration 

While  the  Tcon  increases,  the  COPs  and  the  Qabs 

[37] 

system  in  a  textile  company 

decrease 
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Fig.  6.  Schematic  representation  of  Ejector- Absorption  Heat  Transformer  (EAHT) 
[24]. 


Fig.  7.  Ejection-absorption  heat  transformer  schematic  diagram  [26], 


Shi  et  al.  [26]  presented  and  analyzed  an  ejection-absorption 
heat  transformer  (EAHT)  based  on  the  performance  analysis  of  the 
single  stage,  the  two-stage,  and  the  double  absorption  heat 
transformers  (Fig.  7). 

Their  results  showed  that  it  had  a  simpler  configuration  than 
the  double  absorption  heat  transformer  and  two-stage  heat 
transformer.  The  delivered  useful  temperature  in  the  ejection- 
absorption  heat  transformer  was  higher  than  that  for  a  single  stage 
heat  transformer,  and  simultaneously,  its  system  performance  was 
increased. 

Guo  et  al.  [27]  developed  a  mathematical  model  of  a  vertical 
falling  film  AHT  with  a  water/lithium  bromide  solution  to  analyze 
the  performance  of  AHTs  under  design  and  off-design  conditions 
(Fig.  8).  The  study  showed  that  the  proportion  of  exergy  losses  in 
auxiliary  components  is  small  in  design  conditions,  but  increases 
rapidly  in  off-design  conditions.  Furthermore,  a  novel  operation 
strategy  based  on  keeping  the  circulation  ratio  invariant  was 
proposed,  leading  to  a  significantly  higher  COP  and  exergy 
efficiency  under  off-design  conditions. 

Olarte-Cortes  et  al.  [28]  analyzed  the  heat  transfer  of  an 
experimentally  untested  geometry  in  absorbers  (Fig.  9)  using  tar 
impregnated  graphite  disk  and  LiBr/H20  as  working  fluid.  The 
impregnated  tar  was  used  to  overcome  the  problem  of  corrosion 
faced  by  the  conventionally  used  steel.  Their  results  showed  that 
as  the  Reynolds  number  increases  from  110  to  144,  the  heat 
transfer  coefficient  increases,  which  lead  to  a  maximum  value  of 
954  W/m2  I<  at  Reynolds  number  of  about  144,  but  when  Reynolds 
number  was  increased  above  147,  the  heat  transfer  coefficient 
decreased. 


Adiabatic  absorber  - ►  Heating,  cooling  or  hot  water 


Fig.  8.  Schematic  diagram  of  the  vertical  falling  film  AHT  [27], 
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Fig.  10.  Phase  diagram  of  a  partially  miscible  solution  [29], 

Absorption-demixtion  heat  transformer  (ADHT)  is  a  kind  of 
absorption  cycle  which  makes  use  of  a  mixture  which  exhibits  a 
miscibility  gap  at  low  temperatures.  The  working  mixtures  used  in 
this  type  of  AHT  process  have  an  upper  critical  solution  tempera¬ 
ture  (UCST)  and  consist  of  two  components,  one  being  much  more 
volatile  than  the  other.  At  temperatures  higher  than  the  UCST,  the 
mixture  is  completely  miscible.  Below  this  temperature,  it  is 
partially  miscible  as  shown  in  the  phase  diagram  (Fig.  10).  When 
utilizing  this  phenomenon  in  an  AHT,  absorption  occurs  at 
temperatures  above  the  USCT,  and  demixing  (desorption)  at 
temperatures  lower  than  the  USCT. 

Fig.  11  shows  a  schematic  of  an  ADHT  cycle.  As  the  working  pair 
enters  the  separator,  it  is  demixed  by  rejecting  heat  to  an  external 
heat  sink.  Both  mixtures  are  pumped  separately  to  higher  pressures 
and  then  heated  in  two  internal  heat  exchangers.  The  refrigerant 
enters  the  evaporator,  where  it  absorbs  heat  from  an  external  source 
and  vaporizes,  then  enters  through  the  lower  part  of  the  absorber 
while  the  absorbent  enters  through  the  upper  part.  In  the  absorber, 
the  concentration  of  the  refrigerant  decreases  while  its  temperature 


Fig.  11.  Schematic  diagram  of  the  AHT-process  using  partially  miscible  working 
mixtures  with  upper  critical  solution  temperature  [29], 

increases.  This  results  in  the  vapor  mixture  exiting  at  temperatures 
higher  than  the  inlet  temperature  from  the  upper  part  of  the 
absorber.  The  rest  of  the  mixture  exits  from  the  lower  part  of  the 
absorber  where  it  is  cooled  in  the  internal  heat  exchanger  and  then 
throttled  to  a  lower  pressure  before  entering  the  separator. 

The  generated  vapor  mixture  enters  the  condenser,  and  rejects 
heat  at  high  temperature  level  to  an  external  heat  sink  while  it 
condenses.  It  is  later  cooled  down  in  the  internal  heat  exchanger 
and  throttled  to  the  low  pressure  level.  Finally,  the  liquid  mixture 
of  the  absorbent  and  refrigerant  flows  into  the  separator  and 
mixes  there  with  the  rest  of  the  mixture.  The  COP  of  ADHT-process 
is  defined  as  follows  1 29]: 

cop  _  condense  capacity 
—  evaporator  capacity 

Liquid-liquid  vapor  equilibrium  data  was  used  by  Niang  et  al.  [30] 
to  investigate  an  AHT  process  using  a  partially  miscible  working 
mixture  of  (H20/(C3H30C)CH0)  as  an  alternative  to  the 
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conventional  H20/LiBr.  In  their  work,  a  relatively  higher  COP  of 
0.86  was  estimated.  Alonso  et  al.  [31]  built  the  first  experimental 
set-up  of  an  ADHT  to  validate  its  technical  feasibility  using 
n-heptane/N,N-dimethylformamide  (DMF)  as  working  mixture. 
In  the  set-up  used  in  this  work,  temperature  lifts  of  maximum 
80  °C  and  efficiencies  of  0.3-0.4  were  reported. 


3.  Double  effect  and  double  stage  AHTs 

Because  the  available  temperature  lift  for  single-stage  absorp¬ 
tion  heat  transformer  (STAHT)  is  only  in  the  range  of  30-40  C,  it  is 
expected  that  a  better  temperature  lift  must  be  obtained  by 
adopting  a  two-stage  absorption  heat  transformer  (TSAHT)  or  a 
double  absorption  heat  transformer  (DAHT).  Two-stage  absorption 
heat  transformer  consists  of  two  single-stage  absorption  heat 
transformers,  so  it  has  more  components  and  more  investment 
in  equipment,  while  double-absorption  heat  transformer  not  only 
is  an  advanced  absorption  heat  transformer  in  which  it  is  possible 
to  reach  an  absorbing  temperature  as  high  as  that  is  reached  by 
two-stage  heat  transformer,  but  also  has  the  advantage  of  being 
considerably  simpler  than  the  two-stage  heat  transformer. 

As  shown  in  Figs.  12-14,  only  an  absorbing  evaporator  and  a 
pump  must  be  added  to  a  single-stage  heat  transformer  to  convert 
it  into  a  double  absorption  heat  transformer. 

The  performance  of  the  DAHT  shown  in  Fig.  12  has  been 
presented  by  Rivera  et  al.  [32,33],  However,  this  cycle  had  a 
drawback;  the  absorption  or  evaporation  temperature  in  absorb¬ 
ing  evaporator  could  not  be  as  high  as  desired,  since  the  weak 
solution  leaving  the  absorbing  evaporator  absorbs  vaporized  water 
twice,  and  has  the  lowest  concentration,  such  as  XAE  <  XAB  <  XGE. 

A  new  solution  cycle  in  the  double  absorption  heat  transformer 
(Fig.  13),  which  was  an  improved  version  of  the  earlier  mentioned 
configuration,  was  proposed  by  Zhao  et  al.  [34], 

Because  the  vaporized  water  is  absorbed  only  once,  the  con¬ 
centration  of  the  weak  solution  leaving  the  absorbing  evaporator 
is  higher  than  that  in  the  cycle  shown  in  Fig.  12.The  results  showed 


Fig.  12.  Schematic  diagram  of  DAHT  (D-Type  I)  [32,33,35], 


Fig.  13.  Schematic  diagram  of  DAHT  (D-Type  II)  [34,35], 


Fig.  14.  Schematic  diagram  of  DAHT  (D-Type  III)  [35,36], 


that  this  new  cycle  is  superior  to  the  cycle  being  studied  by  Rivera 
et  al.  [32,33].  This  new  solution  cycle  has  a  wider  range  of 
operation  in  which  the  system  maintains  the  high  value  of  COP 
and  has  larger  temperature  lifts  and  operation  stability.  The 
relationship  between  the  absorber  and  the  absorbing  evaporator 
is  more  independent,  and  this  makes  the  operation  and  control  of 
the  system  easier.  The  weak  solution  leaving  the  absorber  and  that 
leaving  the  absorbing  evaporator  do  not  affect  each  other;  conse¬ 
quently,  a  wider  operating  range  of  the  new  cycle  will  be  possible. 

Zhao  et  al.  [35]  studied  thermodynamic  performance  of  a  new 
type  of  double  absorption  heat  transformer  (DAHT)  (shown  in 
Fig.  14)  based  on  the  thermodynamic  properties  of  the  aqueous 
solution  of  lithium  bromide  and  the  mass  and  energy  balance  for 
each  component  of  the  system.  The  solution  cycle  in  the  new  type 
of  DAHT  was  different  from  the  ones  mentioned  earlier  (shown  in 
Figs.  12  and  13)  [32-34,36],  in  which  the  temperature  of  the 
absorbing  evaporator  is  not  an  independent  variable,  and  the 
degree  of  freedom  of  the  system  is  less  than  that  of  the  DAHT 
with  other  solution  cycles  by  one.  (TAE  is  a  function  of  variables  Tc  E 
or  Tev,  Tab  and  Tc o).  The  results  showed  that,  compared  with  other 
types  of  DAHT  available  in  the  literature,  this  new  type  of  DAHT 
has  a  higher  COP,  especially  when  absorber  temperature  is  higher. 
The  COP  could  reach  to  a  maximum  value  of  0.32,  while  maximum 
gross  temperature  lift  could  be  in  the  region  of  60-100  °C  (shown 
in  Table  2). 

They  found  that  TAE  increases  with  the  increase  of  the  Tab,  Tco- 
Conversely,  the  effects  of  the  condenser  temperature  on  the 
temperature  of  the  absorbing  evaporator  TAE  are  less  significant 
than  those  of  the  TAB  (D-Type  I). 

Configurations  of  double  absorption  heat  transformers  were 
also  studied  by  Martinez  and  Rivera  [37]  from  the  viewpoint  of  the 
first  and  second  laws  of  thermodynamics  operating  with  the 
water-lithium  bromide  mixture. 

Their  results  indicated  that  the  generator  had  the  highest 
irreversibility  or  exergy  destruction  contributing  to  about  40%  of 
the  total  exergy  destruction  in  the  whole  system.  The  results  also 
showed  that  the  COP  and  ECOP  increase  with  increase  in  the 
generator,  the  evaporator,  and  the  absorber-evaporator  tempera¬ 
tures,  and  decrease  with  the  absorber  and  condenser  tempera¬ 
tures.  Finally,  it  was  observed  that  the  COP  and  ECOP  are  very 
dependent  on  the  FR  and  the  economizer  efficiency  value. 

Horuz  and  Kurt  [5]  simulated  an  industrial  application  of  two 
different  configurations  of  double  absorption  heat  transformers 
(Types  II  and  III)  in  a  textile  company  for  the  aim  of  obtaining  hot 
water,  and  compared  them  with  single  AHT.  In  their  earlier 
mentioned  work  [8],  they  had  proven  that  if  the  evaporator 
temperature  is  higher  than  the  generator  temperature,  the  AHT 
system  performs  better  (COP  and  the  absorber  heat  capacity 
increase).  Hence,  the  waste  hot  water  was  first  directed  to  the 
evaporator  and  then  to  the  generator  (Tgen=Tev3-  10  °C).  Their 
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Fig.  15.  Basic  two-stage  absorption  heat  transformer  [38]. 
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analysis  provided  evidence  that  the  Type  II  double  AHT  system  had 
lower  COP  than  Type  III,  but  it  could  generate  more  water  vapor. 

Ji  and  Ishida  employed  Energy-Utilization  Diagrams  (EUDs)  for 
investigating  a  two-stage  absorption  heat  transformer  and  its 
improved  versions  [38],  In  the  first  case,  they  studied  a  basic 
two-stage  absorption  heat  transformer  (Fig.  15). 

Then,  in  the  second  and  third  cases,  they  applied  close-to- 
equilibrium  operation  to  generators  (multiple-compartment  gen¬ 
erator)  and  absorbers  (multiple-compartment  absorber)  (Fig.  16). 

Through  this  study,  it  has  been  concluded  that  by  modifying 
the  two-stage  absorption  heat  transformers,  higher  performances 
can  be  achieved,  and  the  exergy  efficiencies  can  be  increased  from 
48.14%  to  54.95%. 

Shiming  et  al.  [39]  proposed  an  alternative  system  known  as  a 
self-regenerated  absorption  heat  transformer  (SRAHT),  which 
utilizes  a  new  organic  working  pair  (TFE-NMP).  Fig.  17  shows  a 
schematic  of  this  system  [39], 

The  new  working  pair  had  some  advantages  compared  with 
H20-LiBr  and  NH3-H2O,  including,  wide  working  range  as  a  result 
of  the  absence  of  crystallization,  low  working  pressure,  low 
freezing  temperature  of  the  refrigerant,  and  good  thermal  stability 
of  the  mixture  at  high  temperatures.  On  the  other  hand,  it  had 
lower  boiling  temperature  difference  between  TFE  and  NMP, 
which  is  a  negative  feature  (similar  to  NH3-H20  a  rectifier  was 
needed).  They  found  out  that  SRAHT  could  recover  more  waste 
heat  and  had  a  larger  temperature  lift  compared  with  the 
conventional  AHT  cycle  using  H20-LiBr,  although  its  COP 
was  lower. 

Zhao  et  al.  [40]  developed  a  code  for  a  double  effect  absorption 
heat  transformer  (Fig.  18)  and  used  Trifluoroethanol  (TFE)-tetra- 
ethylenglycoldimethylether  (TEGDME  or  E181)  as  a  new  organic 
working-pair  which  was  non-corrosive,  completely  miscible,  and 
thermally  stable  up  to  250  “C.  The  results  showed  that,  when  the 
temperature  in  the  high-pressure  generator  exceeded  100  C,  and 
the  gross  temperature  lift  was  30  °C,  the  COP  of  the  DEAHT  was 
about  0.58,  which  was  larger  than  the  0.48  of  the  single-stage 
absorption  heat-transformer  (SAHT);  consequently,  the  increase  of 
COP  was  about  20%.  But  it  was  still  less  than  0.64  of  the  DEAHT 
using  LiBr-H20  as  the  working  fluid. 

Farataj  performed  energy,  exergy,  and  entropy  balance  analyses 
for  a  double-stage,  LiBr-water  absorption  heat  transformer  cycle 
[41]  (Fig.  19). 

In  the  particular  case  considered,  the  largest  exergy  loss  within 
the  system  resulted  in  the  generator,  indicating  that  efforts  should 
be  focused  on  improving  this  component. 
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4-compartment  generator  4-compartment  absorber 


Fig.  16.  The  generator  and  absorber  in  close-to-equilibrium  operation  [38], 


l+rjcg 


Fig.  17.  Self-regenerated  absoiption  heat  transformer  (SRAHT)  cycle  flow  diagram  [39], 


Fig.  19.  Schematic  of  double-stage  heat  transformer  [41  ]. 

16.4%  and  18.8%,  while  decreasing  exergy  destruction  by  28%  and 
31.5%,  respectively. 

•  All  temperatures  are  in  degree  Celsius. 

•  In  the  cases  which  temperatures  of  generator  and  evaporator 
are  not  equal  we  have  considered  GTL=  Tabs-Tmax  (higher 
temperature  between  Tgen  and  Teva  ). 


Fig.  18.  Configuration  of  a  double-effect  absorption  heat-transformer  [40], 


Very  recently,  Donnellan  et  al.  [4]  dissected  and  reassembled 
the  design  of  a  triple  absorption  heat  transformer  (TAHT)  utilizing 
H20/LiBr  as  the  working  pair,  and  using  heat  exchange  network 
modeling  in  order  to  determine  the  optimum  number  and  loca¬ 
tions  of  internal  heat  exchange  units  within  the  system  (Fig.  20). 
They  found  out  that  the  conventional  design  of  the  TAHT  does  not 
employ  heat  exchangers  effectively,  and  that  thus  by  rearranging 
these  units,  COP  may  be  increased  by  11.7%  while  exergy  destruc¬ 
tion  within  the  system  could  be  reduced  by  21%.  Strategically 
adding  an  extra  one  or  two  heat  exchangers  increased  the  COP  by 


3.1.  An  overall  comparison  among  typical  configurations  ofAHTs 

Three  main  types  of  typical  AHTs  including  single,  double  and 
triple  systems,  using  LiBr/H20  as  the  working  fluid,  are  analyzed 
thermodynamically  by  the  authors.  The  waste  heat  from  a  textile 
factory  is  utilized  to  run  the  AHT  [8],  A  computer  program  is 
developed  in  Engineering  Equation  Solver  (EES)  to  investigate  the 
effects  of  different  parameters  on  different  categories  of  AHT. 

The  considered  assumptions  for  all  the  configurations  are  the 
same  with  the  ones  previously  published  in  Refs.  [4,37,42]  which 
are  used  for  single,  double  and  triple  AHTs,  respectively. 
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Fig.  21.  Effects  of  Tabs  on  COP  for  different  types  of  AHTs  at  different  evaporation 
temperatures. 


The  available  data  in  the  literature  were  used  to  validate  the 
simulation  results  [Rivera],  For  the  case  of  the  single  stage  AHT 
cycle  the  experimental  results  reported  by  Rivera  et  al.  [43]  are 
used.  The  conditions  and  assumptions  used  in  their  work  are 
applied  for  the  aim  of  validation. 

Fig.  21  shows  the  variation  of  COP  with  the  absorption  tempera¬ 
ture  under  different  evaporation  temperature  conditions.  As  can  be 
seen,  any  increase  in  absorber  temperature  will  cause  a  drop  in  the 
COP.  This  is  due  to  the  fact  that  as  Tabs  increases,  the  concentration  of 
the  weak  solution  and  consequently  the  flow  ratio  (f)  increase, 
resulting  in  a  decrease  in  the  absorber  heat  capacity.  This  result  is 
in  agreement  with  that  reported  in  the  literature  [8,42], 

As  shown  in  Fig.  21  the  higher  the  evaporation  temperature  is, 
the  higher  the  absorption  temperature  and  the  corresponding 
gross  temperature.  It  is  observed  that  SAHT  has  the  highest  COP 
and  the  TAHT  has  the  lowest.  The  same  trend  has  been  reported  by 
Donnellan  et  al.  [4[. 


4.  Applications  of  AHTs 

A  single  effect  AHT  using  H20-LiBr  was  employed  by  Yari  [44] 
in  a  novel  cogeneration  cycle  (CC)  where  the  recompression  of 


S-C02  in  a  Brayton  cycle  that  utilized  the  waste  heat  from  a  nuclear 
power  plant  was  proposed  (Fig.  22).  It  was  found  that  both  the 
energy  and  exergy  efficiencies  of  the  new  S-C02  cycle  were  higher 
than  that  of  the  simple  S-C02  cycle  by  5.5-26%.  A  maximum  pure 
water  flow  rate  of  3.317  kg/s  was  obtained  under  the  analyzed 
condition  for  the  new  S-C02  cycle.  The  exergy  destruction  value  of 
the  new  cycle  was  on  average  12.6-19.1%  lower  than  that  of  the 
conventional  cycle  (without  AHT  and  desalination  system). 

Zare  et  al.  [45]  utilized  the  waste  heat  from  a  gas  turbine- 
modular  helium  reactor  (GT-MHR)  to  produce  power  through  two 
Organic  Rankine  Cycles  (ORCs)  and  pure  water  by  means  of 
distillation  processes  (Fig.  23).  A  single  stage  absorption  heat 
transformer  (AHT)  was  employed  to  upgrade  the  lower  tempera¬ 
ture  waste  heat  in  order  to  run  the  desalination  system.  The 
proposed  cycle  performance  was  then  optimized  based  on  the  first 
law  of  thermodynamics.  The  results  showed  that  the  first  law 
efficiency  of  the  CC  cycle,  at  the  optimum  conditions,  is  around  7% 
higher  than  that  of  the  GT-MHR  cycle.  It  was  also  concluded  that 
for  each  50  °C  increase  in  the  gas  turbine  inlet  temperature,  the 
thermal  efficiency  is  increased  by  around  2.5-4%  and  the  pure 
water  production  rate  is  decreased  by  around  6.5%. 

In  another  work  Yari  et  al.  [46]  proposed  and  analyzed  a 
combined  cogeneration  cycle  (shown  in  Fig.  24)  in  which  the 
waste  heat  from  an  ejector-expansion  trans-critical  C02  refrigera¬ 
tion  cycle  was  utilized  for  power  production  and  water  purifica¬ 
tion  simultaneously.  The  waste  heat  utilization  was  performed  by 
means  of  a  C02  supercritical  power  cycle  and  a  desalination 
system  for  pure  water  production.  In  order  to  run  the  desalination 
system,  a  single  stage  absorption  heat  transformer  was  employed 
to  upgrade  the  lower  temperature  waste  heat.  It  was  found  that,  at 
the  optimum  conditions,  the  energy  efficiency  ratio  of  combined 
cogeneration  cycle  was  about  13-45%  higher  than  the  coefficient 
of  performance  of  the  ejector-expansion  trans-critical  C02  cycle 
(without  AHT  and  desalination  system). 

Huicochea  et  al.  [47]  studied  the  potential  of  a  novel  cogenera¬ 
tion  system  which  consisted  of  a  5  kW  proton  exchange  mem¬ 
brane  fuel  cell  (PEMFC)  and  a  single  stage  absorption  heat 
transformer.  The  dissipation  heat  resulting  from  the  operation  of 
the  PEMFC  would  be  supplied  to  the  absorption  heat  transformer, 
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Fig.  22.  Schematic  of  the  new  recompression  S-C02  cogeneration  cycle  [44]. 


Fig.  23.  Schematic  diagram  of  the  CC  cycle  [45]. 


which  was  integrated  to  a  water  purification  system.  Therefore, 
the  products  of  the  proposed  cogeneration  system  were  heat, 
electricity,  and  distilled  water  as  seen  in  Fig.  25.  The  study 
performed  a  simulation  for  the  PEMFC  and  used  results  obtained 
from  an  experimental  AHT  facility.  The  results  showed  that 
experimental  values  of  coefficient  of  performance  of  the  AHT 
and  the  overall  cogeneration  efficiency  could  reach  up  to  0.256 
and  0.571,  respectively.  A  12.4%  efficiency  improvement  was 
obtained,  compared  to  the  fuel  cell  efficiency  working  individually. 
The  study  showed  that  the  combined  use  of  AHT  systems  with  a 
PEMFC  was  a  feasible  project. 


Sekar  and  Saravanan  [48]  coupled  a  single  effect  AHT  with 
MultiEffect  Desalination  (MED)  systems  for  the  purpose  of  water 
purification  (Fig.  26).  They  made  an  exergetic  analysis  and  eval¬ 
uated  the  exergetic  efficiency,  exergy  losses  in  the  components, 
and  exergy  balance  of  the  system.  The  effects  of  operating 
parameters  such  as  the  temperatures  of  the  heat  source,  sink 
temperature,  and  the  effectiveness  of  the  solution  heat  exchanger 
were  evaluated  on  the  performance  of  the  system.  Exergy  effi¬ 
ciency  varied  from  11.14%  to  35.35%  depending  on  the  tempera¬ 
tures  of  heat  source  and  sink.  It  was  found  that  the  highest  exergy 
loss  was  in  the  condenser  of  AHT,  followed  by  the  second  effect  of 
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Fig.  24.  Schematic  diagram  of  the  combined  cogeneration  cycle  [46]. 
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Fig.  25.  Schematic  diagram  of  the  cogeneration  system  formed  by  a  proton 
exchange  membrane  fuel  cell  and  an  absorption  heat  transformer  [47], 


Fig.  26.  Schematic  diagram  of  AHT  coupled  with  multi-effect  desalination  [48], 


the  MED  system.  They  reported  that  increasing  the  gross  tem¬ 
perature  lift  increases  the  exergetic  efficiency  and  effectiveness  of 
the  solution  heat  exchanger,  and  decreases  the  exergy  losses. 

Gomri  modeled  the  single  and  double  effect  absorption  heat 
transformer  systems  used  for  seawater  desalination  [49]  (Fig.  27a 
and  b).  The  results  obtained  from  his  study  showed  that  the 
energy  and  the  exergy  efficiencies  of  the  double  effect  absorption 
heat  transformer  are  higher  than  those  of  the  single  effect 
absorption  heat  transformer.  However,  on  the  other  hand,  water 
production  is  slightly  higher  for  the  single  effect  absorption  heat 
transformer  integrated  to  a  desalination  system  than  that  for 
double  effect  absorption  heat  transformer. 

In  another  work,  Gomri  presented  the  installation  and  use  of  a 
flat  plate  solar  collector  (FPC)  to  a  single  effect  AHT  with  a 
desalination  system  [50]  (Fig.  28).  The  energy  and  exergy  analyses 
were  carried  out  for  each  component  of  the  system  on  21  July 
2009,  in  Skikda  (East  of  Algeria;  Latitude  36.52rN,  Longitude 
6.57°E),  between  8  am  and  4  pm.  Considering  all  the  components 
in  the  desalination  plant,  Gomri  concluded  that  the  highest  exergy 
destruction  was  generated  in  FPC. 

A  feasibility  study  of  the  implementation  of  a  double  lift  heat 
transformer  in  a  Kraft  pulping  process  was  performed  by  Costa 
et  al.  [51].  They  integrated  a  double  lift  heat  transformer  into  the 
heat  recovery  circuit  of  the  woodchips  digesters  to  produce  low- 
pressure  steam  equivalent  to  25%.  They  concluded  that  a  double 
lift  AHT  working  with  the  H20/LiBr  pair  could  be  driven  by  the 
contaminated  steam  coming  out  from  a  blow  tank  with  a  COP  of 
0.35  and  producel7  t/h  of  low  pressure  steam  (Fig.  29). 

In  another  work,  Ji  and  Ishida  [52]  assessed  an  exergy  analysis 
based  on  the  energy-utilization  diagram  (EUD),  applied  to  humid 
air  turbine  cycle,  incorporated  with  a  modified  two-stage  absorp¬ 
tion  heat  transformer  as  mentioned  in  Ref.  [38]  (Fig.  30). 

Employing  the  sensible  and  latent  heat  exchange  modes  in  the 
modified  two-stage  absorption  heat  transformer  in  supplying  heat 
to  the  humid  air  turbine  cycle  clarified  that  this  method  could 
intensively  recover  the  waste  heat  of  humid  air  turbine  cycle  and 
improve  system  performance.  Compared  to  a  conventional  HAT 
cycle,  the  overall  cycle  efficiency  and  the  specific  work  were 
increased  by  2%  and  7%,  respectively. 

Huicochea  et  al.  [53]  integrated  experimentally  a  single  effect 
absorption  heat  transformer  to  a  water  purification  system 
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Fig.  27.  (a)  Schematic  diagram  of  water  purification  integrated  to  a  single  effect  absorption  heat  transformer  [49].  (b)  Schematic  diagram  of  water  purification  integrated  to  a 
double  effect  absorption  heat  transformer  [49]. 


utilizing  waste  heat  in  the  temperature  range  of  68-78  °C,  with  the 
consideration  of  recycling  the  fraction  heat  obtained  from  aux¬ 
iliary  condenser,  in  order  to  increase  the  heat  source  temperature 
(Fig.  31). 


They  showed  that  COPAHT  and  COPWP  increase  when  the 
concentration  of  the  solution  in  the  absorber  becomes  stronger. 
Similarly  as  COP  rises,  distilled  water  production  increases  too. 
Romero  and  Martinez  [54]  studied  theoretically  the  same  water 


K.  Parham  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  34  (2014)  430-452 


443 


Fig.  29.  Installation  of  a  double  lift  AHT  in  the  blow  tank  heat  recovery  circuit  [51]. 


Fig.  30.  A  process  flow  for  the  humid  air  turbine  cycle  combined  with  modified 
two-stage  absorption  heat  transformer  [52]. 


Fig.  31.  Schematic  diagram  of  water  purification  integrated  to  a  heat  transformer 
[53], 

purification  system.  The  results  showed  that  the  recycled  energy 
had  useful  effect  in  COP,  as  it  would  increase  from  0.3  to  0.429. 
Once  again,  Siqueiros  and  Romero  [55]  discussed  the  mentioned 
desalination  system.  The  results  demonstrated  that  the  system 
was  capable  of  increasing  the  COP  more  than  120%  by  recycling  the 
energy  obtained  from  the  water  purification  system.  Romero  et  al. 
[56]  concluded  in  their  second  study  that  the  AHTWP  system  was 
capable  of  increasing  the  original  value  of  COP  up  to  1.6  times  its 
original  value  by  recycling  energy  from  a  water  purification 
system. 

The  potential  of  using  the  fluid  mixture  water-(LiBr+LiI+ 
LiN03+LiCl)  was  studied  numerically  by  Bourouis  et  al.  [57]  for 
purification  of  seawater  using  single-stage  absorption  heat  trans¬ 
former  (same  as  Fig.  31).  The  multi-component  salt  mixture 
showed  a  considerably  higher  solubility  than  that  of  the  conven¬ 
tional  working  fluid  water-LiBr.  It  is  also  less  corrosive  and  has 


Fig.  33.  Heat  recycling  applied  to  evaporator  [58], 


lower  crystallization  temperature  than  that  of  the  LiBr  solution. 
The  integrated  absorption  heat  transformer  water  purifica¬ 
tion  system  using  the  working  fluid  water-(UBr/LiI/LiN03/LiCl) 
displayed  better  performance  compared  to  the  system  using 
water-LiBr.  The  COP  was  higher  and  remained  almost  constant 
as  the  condensation  temperature  increased  at  the  considered 
thermal  operating  conditions  of  the  cycle.  The  wider  range  of 
solubility  of  the  multi-component  salt  solution  made  possible  the 
operation  of  the  heat  transformer  cycle  at  higher  concentrations  of 
the  strong  solution. 

Huicochea  and  Siqueiros  [58]  investigated  3  different  config¬ 
urations  (Figs.  32-34)  of  water  purification  through  single-effect 
evaporation,  using  H20/LiBr  at  700  W  thermal  load.  By  applying 
heat  recycling  to  either  the  evaporator,  or  the  generator,  or  both, 
under  the  same  performance  conditions,  they  reported  a  consider¬ 
able  increase  in  the  performance:  110.3%,  61.5%,  and  79.3%, 
respectively. 

Huicochae  et  al.  [59]  experimentally  evaluated  an  absorption 
heat  transformer  coupled  to  a  water  purification  system  using  a 
thermal  bath  to  supply  heat  to  the  generator  and  evaporator,  with 
a  variable  electric  coil  as  shown  in  Fig.  34.  They  found  that  the 
system  irreversibilities  increase  the  COP,  and  the  ECOP  decrease 
with  an  increment  of  the  mass  flow  of  hot  water  supplied  to  the 
generator. 

Sekar  and  Saravanan  [60]  conducted  experiments  on  a  vapor 
absorption  heat  transformer  driven  distillation  system  (Fig.  35)  of 
5  kg/h  capacity,  using  water  lithium  bromide.  They  reported  a  COP 
between  0.30  and  0.38,  and  gross  temperature  lift  varying  between 
15  and  20  C. 
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Fig.  34.  Heat  recycling  applied  to  generator  and  evaporator  [58], 


Based  on  China's  600  MW  existing  coal-fired  power  plant,  Duan 
et  al.  [61  investigated  a  Monoethanolamine  (MEA)  based  C02 
capture  system.  A  Post  Combustion  Carbon  Capture  and  Storage 
(PC+CCS),  coupled  with  AHT  and  AHP  (Fig.  36),  was  used  to  fully 
utilize  the  heat  at  low  level.  This  recovered  and  upgraded  heat  was 
used  for  amine  based  solvent  regeneration,  leading  to  a  noticeable 
decline  in  required  energy. 

Thermally  activated  systems  based  on  sorption  cycles,  as  well 
as  mechanical  systems  based  on  vapor  compression/expansion, 
were  assessed  by  Little  A.  &  S.  and  Garimella  [62]  for  waste  heat 
recovery  applications.  This  study  investigated  four  cases:  waste 
heat  recovery  for  data  centers,  vehicles,  and  process  plants, 
illustrating  the  utility  and  limitations  of  such  solutions. 

In  another  application,  Little  and  Garimella  [63]  conceptualized 
and  analyzed  a  novel  paradigm  consisting  of  integrated  power, 
cooling,  with  waste  heat  recovery,  and  upgrade  systems  that  con¬ 
siderably  lower  the  energy  footprint  of  data  centers.  This  system 
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Fig.  35.  Schematic  of  the  experimental  set-up  [60]. 


Fig.  36.  Steam  water  schematic  of  (PC+CCS+AHT/AHP)  [61]. 
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Fig.  37.  Type  1  -  Waste  heat  from  micro-turbine  exhaust  air  provides  cooling  to  the  data  center  operating  in  a  closed  air  loop  configuration.  Rack  air  inlet  and  outlet 
temperatures  are  20  and  45  °C,  respectively,  and  5  kW  of  upgraded  heat  at  174  °C  is  realized  at  the  heat  transformer  [63]. 
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Fig.  38.  Type  2  -  Waste  heat  from  micro-turbine  exhaust  air  provides  cooling  to  the  data  center  and  then  is  mixed  with  a  portion  of  data  center  rack  air  exhaust  to  provide 
10  kW  of  upgraded  heat  at  174  °C  [63]. 
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Fig.  39.  Type3  -  Waste  heat  from  micro-turbine  exhaust  air  provides  cooling  to  the  data  center  and  then  is  mixed  with  all  data  center  rack  air  exhaust  to  provide  23  kW  of 
upgraded  heat  at  110  °C  [63]. 


draws  waste  heat  from  an  on-site  micro-turbine  power  plant  to 
provide  the  necessary  cooling  for  the  data  center  critical  load,  with  a 
double-effect  absorption  chiller.  The  system  was  analyzed  under 
various  configurations  as  shown  in  Figs.  37-39.  The  performance  and 
temperature  lift  of  the  AHT  system  are  given  in  Table  3.  An  overall 
efficiency  of  41%  without  the  heat  transformer  was  reported,  and 
ranged  from  42%  to  46%  when  the  heat  transformer  was  added. 


5.  Working  fluids 

Barragan  Reyes  et  al.  [64]  made  a  theoretical  investigation  on 
the  performances  of  absorption  heat  transformers  using  H20/CaCl2 


and  H20/LiCl  as  working  fluids.  The  results  revealed  better 
performance  of  H20/LiCl  compared  to  the  H20/CaCl2  in  single 
stage  absorption  heat  transformers. 

Parham  et  al.  [42]  investigated  thermodynamic  performance  of 
an  absorption  cycle  using  (H20  +  UC1)  as  the  working  pair  by 
simulating  and  comparing  by  the  cycle  using  (H20  +  LiBr).  The 
effects  of  evaporation  temperature  on  the  performance  coefficient, 
COP,  generation  temperature,  concentration  of  strong  solution,  and 
flow  rate  ratio  were  also  analyzed.  The  results  showed  that  the 
coefficient  of  performance  of  the  cycle,  using  (H20+LiBr)  at  the 
optimum  conditions,  was  around  1.5-2%  higher  than  that  of 
(H20+UC1).  On  the  other  hand  the  crystallization  problem  had 
been  resolved. 


Table  3 

Applications  of  absorption  heat  transformers. 


Configuration 

Tev a  (°C) 

Jgen  (°C) 

Tcon  (°C) 

Tabs  (°C) 

Working  pair 

/ 

GTL  (°C) 

COP 

Heat  source 

Remarks 

Reference 

Fig.  21 

(75-80)-8"c 

(75-80)- 

20 

105-120 

H20/LiBr 

- 

22-32 

_ 

Waste  heat  from  a 

increase  in  the  energy  and  exergy  efficiencies  of 

[52] 

8°c 

nuclear  power  plant 

the  cycle 

Fig.  22 

63-75 

63-75 

20 

105-115 

H20/LiBr 

47-59 

0.44-0.51 

Waste  heat  from  a 
(GT-MHR) 

increase  in  the  first  law  efficiency  of  the  CC  cycle 

[53] 

Fig.  23 

62-72 

62-72 

20 

105-120 

H20/LiBr 

45-48 

0.484-0.508 

Ejector-expansion 
trans-critical  C02 
refrigeration  cycle 

*  The  COP  and  EER  of  both  cycles  are  increased 

[54] 

Fig.  24 

84-89 

84-89 

- 

- 

H20/LiBr 

- 

- 

0.18-0.27 

Waste  heat  from  a 

An  increment  of  around  12.4%  in  the  efficiency  of 

[55] 

proton  exchange 
membrane  fuel  cell 
(PEMFC) 

cogeneration 

Fig.  25 

60-75 

60-75 

15-30 

H20/LiBr 

10-30 

0.444-0.498 

*Heat  source  temperature  and  sink  temperature 
have  considerable  impact  on  the  exergetic 
efficiency. 

[56] 

Fig.  26a 

74-96 

0.74-96 

29 

103-127 

H20/LiBr 

_ 

29-31 

- 

- 

Slightly  higher  water  production  than  that  for 
double  effect  absorption  heat  transformer 

[57] 

Fig.  26b 

87-96 

87-96 

29 

103-155 

H20/LiBr 

16-59 

- 

- 

Higher  energy  and  the  exergy  efficiency  than  that 
of  the  single  effect  absorption  heat  transformer 

[57] 

Fig.  27 

Fout-3  (Tout  is  the  outlet 

Tour3 

29 

103 

H20/LiBr 

- 

- 

«  0.5 

- 

The  energy  efficiency  of  WP  is  higher  than  that  for 

[58] 

temperature  of  Collector 
after  heat  exchanger) 

FPC  and  AHT. 

Fig.  30 

62.5-72.5 

70.7-75.8 

31.7-34 

96.3-98.4 

H20/LiBr 

_ 

22.6-25.6 

0.09-0.228 

- 

The  distilled  water  quality  is  similar  to  that 
obtained  from  a  laboratory's  electrical  distiller. 

[61] 

Same  as 

60-75 

60-80 

25-30 

105-115 

Not  mentioned 

1.2-5 

Industrial  waste  heat 

The  recycled  energy  for  latent  heat  of  purified 

[62] 

Fig.  30 

water  purification  system  has  a  beneficial  effect  on 
coefficient  of  performance. 

Same  as 

68-75 

68-75 

30 

104-115 

H20/LiBr 

0.173-0.438 

Industrial  waste  heat 

Increase  in  COPET  by  increasing  the  original  heat 

[63,64) 

Fig.  30 

source  temperature,  via  recycling  latent  heat 
energy  from  the  water  purification  process 

Same  as 

60-80 

60-80 

10-40 

100 

(LiBr+LiI  +  LiN03 

- 

20-40 

«  0.25-0.5 

Waste  heat 

better  performance  compared  with  the  system 

[65] 

Fig.  30 

+  LiCl)  +  H20 

using  water-LiBr 

Fig.  31 

69-71 

69-71 

32 

102-112 

H20/LiBr 

33-41 

? 

0.195-0.473 

Hot  water 

110.3%  performance  increase,  been  highest 
amongst  the  3  configurations. 

[66] 

Fig.  32 
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? 
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Hot  water 
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[66] 

Fig.  33 
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7 
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Hot  water 

79.3%  performance  increase,  lower  than  case  a,  but 
higher  than  case  b. 

[66] 
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23.1-28.5 

96.0-100.8 

H20/LiBr 

8.6-14.5 

0.156-0.258 

Hot  water 

A  decisive  role  played  by  the  mass  flow  rate  of 

[67] 

Fig.  33 

water  supplied  to  the  generator  since  COP  can  be 
increased  up  to  38%. 

Fig.  34 
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47 
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Fig.  36 
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[71] 

Fig.  37 
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35 

174.0 
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20 
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Efficiency  greater  than  case  shown  in  Fig.  35(43%) 

[71] 

Fig.  38 
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Highest  system  efficiency  compared  to  Fig.  35  and 
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Another  study  was  carried  out  by  Zhuo  and  Machielsen  [65] 
about  the  AHTs  performances  with  Alkitrate  as  the  working  fluid, 
it  was  found  that  the  COP  values  of  the  system  were  higher  than  or 
same  as  those  of  H20/LiBr  under  the  same  operating  conditions. 
The  alkitrate  can  be  used  for  the  higher  temperature  absorption 
heat  transformers  up  to  260  C.  Iyoki  et  al.  [66]  described  a  study 
about  physical  properties  (density,  vapor  pressure,  viscosity,  sur¬ 
face  tension,  and  solubility)  and  thermal  properties  (heat  capa¬ 
cities  and  heat  of  mixing).  The  measured  properties  showed  good 
characteristics  for  absorption  heat  transformer.  Yin  et  al.  [67] 
proposed  a  comparative  study  for  AHT  utilizing  working  fluids 
consisting  of  TFE(2,2,2-triuoroethanol)/NMP(N-methyl-2-pyrroli- 
done),  TFE/E181(dimethylethertetraethylene  glycol),  TFE/PYR 
(2-pyrrolidone),  and  H20/LiBr.  When  the  output  temperature 
was  below  150  °C,  the  H20/LiBr  was  superior  to  others,  but 
TFE/NMP,  TFE/E181,  and  TFE/PYR  showed  better  performance  at 
higher  temperature  (up  to  200  °C).  He  et  al.  [68]  recommended 


1,3-dimethylimidazolium  dimethylphosphate  (]MM1M][DMP])+ 
water/ethanol/methanol  mixtures,  which  are  ionic  liquid  mixtures, 
as  working  fluids  in  absorption  cycles.  The  results  exhibited  that 
these  binary  solutions  were  noble  candidates  for  these  cycles  due 
to  their  characteristics  such  as  negative  deviation  of  vapor  pres¬ 
sure  from  Raoults  law,  and  the  excess  enthalpy  of  these  solutions 
was  negative.  Srinivas  et  al.  [69]  explored  water-based  AHT 
systems  for  desalination  purposes  using  multi-effect  distillation 
(MED)  with  different  working  fluid  mixtures.  The  lists  of  mixtures 
used  were  as  follows: 

(1)  [H20/LiBr],  (2)  [H20/Lil],  (3)  [H20/LiCl],  (4)  [H20/LiBr+Lil 
(4:1)],  (5)  ]H20/LiCl+LiN03(2.8:l)],  (6)[H20/UBr+LiN03(4:l)],  (7) 
]H20/LiBr+ZnBr2(2:l)],  (8)  ]H20/LiBr+LiI  +  C2H602(3:l:l)],  (9) 
]H20/LiBr+LiCl+ZnCl2(3:l:4)],  (10)  [H20/LiBr+ZnCl2  +  CaBr2 

(1:1:0.13)],  (11)  ]H20/LiBr+ZnBr2+LiCl2(l:  1.8:0.26)],  (12)  [H20/ 
LiN03  +  KN03  +  NaN03(53:28:19  wt)],  (13)  ]H20/LiCl  +  CaCl2+Zn 
(N03)2  (4.2:2.7: 1 )],  (14)  ]H20/LiBr+LiN03LiI+LiCl  (5:1:1 :2)]. 


Table  4 

Utilized  working  fluids  in  AHTs. 


Working  pair 

Ref.  no. 

Remarks 

H20/Carrol  mixtures 

[83] 

•  Theoretically  works  over  a  large  range  of 
generator  and  evaporator  temperature 

•  Higher  solubility,  ECOP  and  gross  temperature  lift  than  H20/LiBr. 

H20/LiCl 

H20/CaCl2 

[72,84] 

•  Environmentally  friendly 

•  Low  cost 

•  Lithium  chloride  solutions  are  not  practical  at  an  absorber  temperature  of  45  C 
or  higher  due  to  solubility  limitations 

H20  /(LiBr/Lil/LiN03/LiCl) 

[65] 

•  Higher  system  performance  than  H20/LiBr 

•  Wide  range  of  solubility 

Alkitrate 

[73] 

•  Working  at  high  temperature  up  to  260  °C. 

•  Higher  COP  than  H20/LiBrs 

•  Limited  in  low  temperature  due  to  solubility  problems 

H20/LiBr  +  LiN03 

[74] 

•  Appropriate  physical  an  thermal  properties  for  AHT 

TFE/NMP 

[49,75] 

•  High  thermal  stability 

•  High  output  heat  temperature 

•  Flat  vapor  pressure  curve 

•  Strong  negative  deviation  from  Raoult's  law 

•  Wide  operating  conditions  with  no  crystallization 

•  Low  working  pressure 

TFE/E181 

[50,75,85,86] 

•  High  thermal  stability 

•  High  output  heat  temperature 

•  Flat  vapor  pressure  curve 

•  Strong  negative  deviation  from  Raoult's  law 

•  Thermally  stable  up  to  250  C 

•  Non-corrosive 

•  Completely  miscible 

TFE/PYR 

[87] 

•  High  thermal  stability 

•  High  output  heat  temperature 

•  Flat  vapor  pressure  curve 

•  Strong  negative  deviation  from  Raoult's  law 

( [MMIM]  [DMP] ) + water/ethanol/methanol 

[76] 

•  Negative  deviation  of  vapor  pressure  from  Raoult's  law 

•  Negative  excess  enthalpy 

H20/LiBr-Lil 

[78] 

•  Appropriate  heat  capacity 

H20/LiBr  +  ZnBq  +  LiCl 

[79] 

•  Appropriate  vapor  pressure 

TFE_TEGDME 

[82] 

•  Non-corrosive 

•  Completely  miscible  over  a  wide  range  of  temperature 

•  Thermally  stable  up  to  250  °C 

•  Low  working  pressure 

•  Low  thermal  conductivity 
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The  results  showed  that  among  these  combinations  the  highest 
COP  of  0.56  was  achieved  by  H20/LiCl+LiN03  mixture,  while  the 
highest  distilled  water  output  of  16  m3/h  was  achieved  by  H20/ 
LiCl+CaCl2+Zn(N03)2.  lyoki  et  al.  [70,71]  developed  the  approach  of 
heat  capacities  evaluating  water-lithium  bromide-lithium  iodide 
(H20/LiBr/Lil)  systems,  and  the  vapor  pressure  of  the  water-lithium 
bromide-zinc  bromide-lithium  chloride  system.  The  results,  which 
were  in  good  agreement  with  experimental  data,  indicated  that  the 
heat  capacities  and  vapor  pressure  of  these  systems  would  be  very 
useful  for  the  research  and  design  of  absorption  heat  transformers, 
lyoki  and  Uemura  [72]  carried  out  a  theoretical  study  about  different 
absorption  cycles  with  working  pairs  of  water-lithium  bromide-zinc 
chloride-calcium  bromide  (H20/LiBr/ZnCl2/CaBr2),  The  obtained  COPs 
showed  that  this  working  fluid  is  appropriate  for  two-stage  AHTs. 
Romero  and  Silva-Sotelo  [73]  explored  a  theoretical  comparison  of  the 
two  methods  for  determination  of  the  absorbent  concentration  of 
lithium  bromide  in  a  solar  absorption  thermal  system  like  absorption 
heat  transformers  or  air  conditioning  systems.  The  two  techniques 
used  to  correlate  the  concentrations  were  based  on  thermal  conduc¬ 
tivity  and  refractive  index.  It  was  found  out  that  the  refractive  index 
has  less  error  than  that  of  other  techniques.  The  in-line  determination 
of  LiBr  concentration  provided  the  possibility  to  improve  optimal 
recovery  of  solar  heat  in  absorption  heat  transformer  systems.  Coronas 
et  al.  [74]  conducted  a  study  about  the  thermodynamic  properties  of 
pure  compounds  TFE  and  TEGDME,  and  the  binary  mixtures  needed  to 
study  the  performance  of  the  absorption  cycles.  They  stated  that  the 
low  thermal  conductivity  and  enthalpy  of  evaporation  of  TFE  could  be 
improved  by  using  the  TFE/H20  mixtures  as  a  refrigerant  instead  of 
pure  TFE.  Table  4  summarizes  the  working  fluids  studied  by  research¬ 
ers  in  AFITs. 


6.  Crystallization  risk 

LiBr  is  a  salt,  and  in  its  solid  state,  it  has  a  crystalline  structure. 
There  is  a  specific  minimum  solution  temperature  for  any  given  LiBr 
salt  concentration  below  which  the  salt  begins  to  leave  the  solution 
and  crystallize.  Lithium  bromide  strong  solution  entering  the  absor¬ 
ber  tends  to  crystallize  when  the  absorber  temperature  is  increased 
for  a  fixed  evaporating  pressure  [51,75,76],  So  it  is  considered  as  a 
key  technical  barrier  for  the  development  of  water/LiBr  AHTs.  There 
are  several  approaches  to  avoid  the  crystallization  problem,  such  as 
chemical  crystallization  inhibitors,  heat  and  mass  transfer  enhance¬ 
ment,  and  thermodynamic  cycle  modification. 

Bourouis  et  al.  suggested  water-(LiBr/Lil/LiN03/LiCl)  as  the 
working  pair  in  an  AHT  for  desalination  purpose  [57],  They 
concluded  that  the  multicomponent  salt  mixture  shows  consider¬ 
ably  higher  solubility  than  that  of  the  conventional  working  fluid 
H20/LiBr,  is  less  corrosive,  and  the  temperature  of  crystallization  is 
30  °C  less  than  that  of  LiBr  solution.  Rivera  et  al.  [13]  reported 
similar  results  for  water/Carrol™  as  the  working  pair  in  a  single 
stage  absorption  heat  transformer,  and  concluded  that  water/ 
Carrol™  could  even  be  a  better  alternative  mixture. 

Shiming  et  al.  [39]  utilized  TFE/NMP  in  a  self-regenerated 
absorption  heat  transformer.  Its  most  advantageous  feature  was 
the  wide  working  range  as  a  result  of  the  absence  of  crystal¬ 
lization,  but  on  the  other  hand,  it  had  some  negative  features  like 
lower  boiling  temperature  difference  between  TFE  and  NMP, 
which  made  it  a  necessity  for  using  a  rectifier. 

Zhao  et  al.  [40]  employed  TFE/E181  as  the  working-pair  in  a 
double  effect  absorption  heat  transformer,  which  was  non-corro¬ 
sive,  completely  miscible,  and  thermally  stable  up  to  250  °C.  In 
addition  to  the  mentioned  benefits,  the  large  difference  in  boiling 
temperatures  between  TFE  and  E181  made  it  a  suitable  candidate 
for  AHT  cycles.  The  additives  1-octanol  and  2-ethyl-l-hexanol 
were  used  in  a  single-stage  heat  transformer  utilizing  H20/LiBr, 


by  Rivera  et  al.  [14],  The  results  showed  that  at  the  same 
conditions,  absorber  temperatures  increased  about  58  °C  by  add¬ 
ing  400  ppm  of  2-ethyl-l-hexanol  to  the  lithium  bromide  mixture. 
Also,  it  was  shown  that  the  coefficient  of  performance  increases  up 
to  40%  with  the  same  additive.  The  major  disadvantage  of  this 
working  pair  was  its  propensity  to  crystallize  at  high  lithium 
bromide  concentrations.  Simulation  of  a  single-stage  absorption 
heat  transformer  using  a  new  working  pair  composed  of  ionic 
liquids  and  water  (H20  +  [EMIM[[DMP[)  was  performed  by  Zhang 
et  al.  [11],  In  order  to  evaluate  the  new  working  pair,  the 
simulation  results  were  compared  with  those  of  (H20+LiBr)  and 
(TFE/E181).  The  excellent  cycle  performance  together  with  the 
advantages  of  negligible  vapor  pressure,  no  crystallization,  and 
weak  corrosion  tendency  to  iron-steel  materials  might  have  made 
the  new  working  pair  better  suited  for  the  industrial  absorption 
heat  transformers.  Wang  et  al.  [75]  investigated  and  compared  two 
flow  configurations  of  (H20+LiBr)  AHT,  which  was  used  for  water 
heating  to  evaluate  the  allowable  operating  conditions  for  each. 
The  simulation  results  indicated  that  introducing  the  process 
water  through  the  absorber  firstly  results  in  lower  absorber 
temperature,  and  hence  less  tendency  for  crystallization.  Parham 
et  al.  [77]  proved  that  some  modifications  on  the  configuration  of 
AHT  could  decrease  the  possibility  of  crystallization. 


7.  Performance  evaluation  by  applying  different  models 

Estimating  and  measuring  the  coefficient  of  performance  (COP) 
in  absorption  heat  transformer  cycles  are  important  issues  for 
improvement  and  optimization  of  the  performance  of  real  AHT, 
for  which  many  studies  have  been  carried  out  by  researchers. 
Hernandez  et  al.  [78]  performed  a  theoretical  comparison  study 
between  a  neural  network  model  (NnM)  and  thermodynamic 
model  (ThM)  for  on-line  calculation  of  COP  in  an  absorption  heat 
transformer  integrated  with  a  water  purification  process  (AHT- 
WP).  Both  models  have  their  own  advantages  and  disadvantages. 
The  ThM  model,  which  has  been  designed  for  steady-state  condi¬ 
tions  can  precisely  predict  the  physical  properties  and  a  wide 
range  of  any  particular  conditions;  at  the  same  time  it  is  an 
appropriate  choice  for  designing  an  AHT-WP  using  low  tempera¬ 
ture  waste  heat  recovery.  In  addition,  the  COP  calculated  by  ThM  is 
a  key  to  ensure  reaching  this  value  experimentally.  The  considera¬ 
tions  for  the  NnM  model  are  16  on-line  measured  values,  with  55 
adjusted  parameters  (weights  and  biases),  and  two  transfer  func¬ 
tions  (hyperbolic  tangent  and  linear),  which  include  the  effect  of 
heat  losses  and  pressure  drops  into  tubing  and  components  that 
can  be  used  in  transitory  and  steady  states.  Simplicity  of  NnM  due 
to  the  simulation  by  simple  arithmetic  operations  is  an  advantage 
of  this  method.  It  is  also  veiy  accurate  for  experimental  COP 
agreement  and  for  on-line  calculation  of  COP.  The  NnM  shows 
better  correlations  beside  ThM,  but  it  has  a  small  range  of 
operating  conditions.  Sencan  et  al.  [79]  described  methodologies 
such  as  linear  regression  (LR),  pace  regression  (PR),  sequential 
minimal  optimization  (SMO),  M5model  tree,  M5'  rules,  decision 
table,  and  back  propagation  neural  network  (BPNN)  to  model  COP 
of  an  AHT  applied  for  increasing  the  low  temperature  values  in  a 
real  small  experimental  solar  pond.  A  comparison  of  R2  values  for 
predicted  COP  of  different  algorithms  indicates  that  BPNN  has  the 
largest  values  of  0.99  which  can  be  considered  reasonable. 
Hernandez  et  al.  [80]  suggested  the  application  of  an  artificial 
neural  network  inverse  (ANNi)  model  in  order  to  predict  the  COP 
of  the  water  purification  of  a  process  integrated  to  a  heat 
transformer  with  energy  recycling. 

The  specifications  of  this  model  are  as  follows;  16  neurons  as 
input,  3  neurons  as  hidden  layer,  one  layer  as  output,  a  feed 
forward  with  one  hidden  layer,  a  Levenberg-Marquardt  learning 
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algorithm,  a  hyperbolic  tangent  sigmoid  transfer  function,  and  a 
linear  transfer  function.  On  the  validation  data  set,  simulations  and 
experimental  data  tests  were  found  to  be  in  good  agreement 
( R  >  0.99).  This  model  is  considered  to  predict  the  optimal  operat¬ 
ing  conditions  such  that  by  applying  this  methodology  it  is 
possible  to  obtain  any  unknown  input  variable  which  is  the  key 
to  have  an  ideal  COP.  Velazquez  et  al.  [81]  developed  a  number  of 
different  algorithms  simulated  in  MATLAB  for  predicting  the  LiBr 
concentration  and  estimating  the  COP  of  a  water  purification 
process  integrated  to  an  absorption  heat  transformer  (WP-AHT). 
The  validation  of  these  algorithms,  approved  by  five  tests  per¬ 
formed  on  the  (AHT-WP),  shows  an  absolute  maximum  of  1%. 
These  algorithms  can  reduce  the  cost  of  the  energy  production  and 
allow  a  control  process.  The  calculation  time  of  this  process  is 
0.5  s.  Escobar  et  al.  [82]  designed  an  on-line  indirect  measurement 
for  predicting  the  system  performance  of  an  (AHT-WP).  These 
models  were  supported  by  direct  measurements  outlet  tempera¬ 
ture  of  components,  two  calculated  pressure  levels  (AB-EV,  GE- 
CO),  and  two  calculated  concentrations  (absorber  and  generator 
outlet  concentrations)  of  the  working  fluids;  the  measurement  of 
these  variables  assists  in  determining  the  coefficient  of  perfor¬ 
mance.  Due  to  the  noise  and  stochastic  variables  of  this  process,  a 
kalman  filter  is  used  to  predict  COP.  In  addition,  to  estimate  the 
COP,  Escobar  et  al.  [83],  in  one  of  their  other  studies,  described 
controlling  the  corrosive  attack  which  is  possible  by  measuring  the 
electrochemical  potential  and  electrochemical  current.  The  results 
of  this  work,  which  are  similar  to  out-line  steady  estimations,  are 
helpful  in  reducing  the  operation  costs,  applying  an  operating 
strategy,  and  testing  new  configurations.  Hernandez  et  al.  [84] 
reported  a  predictive  model  for  WPAHT  in  order  to  obtain  on-line 
prediction  of  the  COP  using  an  artificial  neural  network.  Their 
study  compared  the  COP  with  and  without  energy  recycling.  The 
network  had  additional  two  separate  feed  forward  networks  with 
one  hidden  layer  which  were  used  for  increased  values  of  COP 
with  energy  recycling  and  the  COP  values  without  energy  recy¬ 
cling.  The  properties  of  this  network  are  as  follows:  Levenberg- 
Marquardt  learning  algorithm,  the  hyperbolic  tangent  sigmoid 
transfer-function,  and  the  linear  transfer  function  were  used.  The 
results  indicated  that  the  simulation  data  and  experimental  data 
were  in  a  good  agreement  ( R 2  >  0.99).  Colordo  et  al.  [85] 
developed  a  study  by  using  error  propagation  from  the  Monte 
Carlo  method  to  the  COP  of  the  water  purification  system  inte¬ 
grated  to  an  AHT  predicted  by  ANN.  The  Monte  Carlo  method 
offers  a  reasonable  approach  to  error  propagation  of  COP,  in  spite 
of  the  computing  complexity.  The  accuracy  of  this  method  is 
confirmed  by  comparing  the  experimental  and  simulated  results, 
and  also  the  simulated  results  developed  a  new  correlation  for 
error  propagation  of  COP  prediction.  The  performance  of  ejector- 
absorption  heat  transformers  (EAHTs)  is  predicted  by  Sozen  et  al. 
[86]  by  applying  an  ANN  model.  The  network  used  Scaled  Con¬ 
jugate  Gradient  (SCG),  Levenberg-Marquardt  (LM)  learning  algo¬ 
rithms,  and  a  logistic  sigmoid  transfer-function.  The  advantages  of 
the  ANN  compared  with  classical  methods  were  speed,  simplicity, 
and  capacity  to  learn  from  examples.  So,  engineering  effort  could 
be  reduced.  The  model  could  predict  the  system's  performance 
such  as  coefficient  of  performance  (COP),  exergetic  coefficient  of 
performance  (ECOP),  and  circulation  ratio  (f).  The  study  showed 
that  the  ANN  model  could  be  a  good  choice  for  determining  the 
performance  of  the  AHT  systems  instead  of  mathematical  models. 
Sozen  and  Arcaklioglu  [87]  presented  a  study  about  determination 
of  exergy  analysis  of  an  ejector-absorption  heat  transformer 
(EAHT)  using  an  artificial  neural  network  (ANN)  model.  Due  to 
the  complexity  of  exergy  analysis  of  AHT,  the  ANN  model  was 
proposed  for  this  system,  which  could  deal  with  complicated 
situations.  The  best  statistical  coefficient  ( R 2  values)  for  training 
data  equals  to  0.999715,  0.995627,  0.999497,  and  0.997648  by 


different  algorithms  with  seven  neurons  for  the  non-dimensional 
exergy  losses  of  evaporator,  generator,  absorber,  and  condenser, 
respectively.  So  the  ANN  can  be  used  for  the  design  and  optimiza¬ 
tion  of  new  or  more  complicated  systems.  Another  way  of 
determining  the  performance  of  the  system  is  to  predict  the 
model  by  establishing  a  generalized  heat  transfer  law  Q~A  ( Tn ). 
Qin  et  al.  [88]  derived  a  general  relation  between  the  COP  and  the 
heating  load  by  applying  the  heat  transfer  law  Q~  A  (Tn)  (n  ^  0), 
which  considered  the  effect  of  heat  transfer  resistance,  heat  leak, 
and  internal  irreversibilities.  The  results  of  this  relation  were  about 
the  maximum  COP,  the  corresponding  heating  load,  optimal  work¬ 
ing  temperature  conditions,  and  optimal  heat  transfer  surface  area. 
The  results  could  be  a  direction  to  find  an  optimal  design  for  real 
absorption  heat  transformers.  Chen  et  al.  [89]  suggested  a  study 
about  modeling  an  irreversible  four-temperature-level  AHT  by 
considering  finite-heat  capacity  heat  reservoirs,  heat  leakage,  heat 
resistance,  and  internal  irreversibility  losses.  The  COP  of  real 
absorption  heat  transformers  were  optimized  and  analyzed  by 
applying  finite-time  thermodynamics.  The  agreement  between 
engineering  design  results  and  results  obtained  from  relations 
was  high,  with  deviation  less  than  3%.  Relations  showed  the 
general  relation  between  heating  load  and  the  COP,  the  character¬ 
istics  of  COP,  and  optimal  heat  transfer  surface  area.  The  results 
indicated  that  the  COP  would  increase  1%  if  the  heat  transfer 
surface  area  distribution  was  optimized,  and  would  increase  about 
23%  if  the  internal  irreversibility  tended  to  unity  and  the  heat 
leakages  tended  to  zero.  Escobar  et  al.  [90]  explored  an  experi¬ 
mental  study  about  water  purification  system  integrated  to  a 
single  stage  absorption  heat  transformer  with  energy  recycling. 
The  components  of  the  absorption  heat  transformer  consist  of  a 
helical  double-pipe  vertical  evaporator,  a  helical  double-pipe 
vertical  condenser,  an  absorber,  and  a  generator.  They  predicted 
the  COP  by  applying  a  theoretical  evaporator  model  which  was 
incorporated  into  a  thermodynamic  model.  This  coupling  model 
(theoretical  and  thermodynamic)  could  provide  the  opportunity 
to  estimate  the  COP  on-line,  considering  changes  in  the  eva¬ 
porator,  and  it  led  to  control  studies  about  the  process. 
Colorado-Garrido  et  al.  [91]  proposed  a  numerical  model  of 
heat  transfer  and  fluid  dynamic  behavior  of  a  helical  double¬ 
pipe  evaporator  used  in  an  absorption  heat  transformer  inte¬ 
grated  to  the  water  purification  process.  This  model  showed  that 
the  principle  operation  variable  had  an  impact  on  the  evapora¬ 
tor  with  the  objectives  of  future  control,  design,  optimization, 
and  on-line  estimation  of  COP.  Kim  and  Infante  Ferreira  [92] 
reported  an  analytical  study  about  single  absorption  cycles 
(absorption  chillers,  absorption  heat  pumps,  absorption  heat 
transformers)  with  and  without  refrigerant  circulation.  The 
model  was  developed  by  solving  the  governing  equations, 
Duhring  equations,  and  thermodynamic  principles  for  mixtures. 
At  the  same  time,  it  had  the  ability  of  describing  the  behavior  of 
the  absorption  cycles  like  COP  with  minimal  number  of  char¬ 
acteristic  constants.  A  four-heat-reservoir  absorption  heat- 
transformer  cycle  was  used  by  Sun  et  al.  [93]  to  analyze  the 
ecological  optimal  performance  of  an  endoreversible  absorption 
heat-transformer  assuming  a  linear  (Newtonian)  heat  transfer 
law.  Using  fundamental  relationships  derived  by  Qin  et  al.  [94] 
and  a  derived  ecological  criterion,  a  numerical  example  was 
used  to  analyze  the  ecological  performance  and  the  effects  of 
the  cycle  parameters  on  the  ecological  characteristics  of  the 
cycle.  Results  showed  that  the  ecological  criterion  has  long-term 
significance  for  optimal  design  of  absorption  heat  transformers. 

Ishida  and  Ji  [95]  performed  a  study  about  exergy  analysis  for 
single  stage  analysis  by  applying  the  graphical  exergy  methodol¬ 
ogy  based  on  energy  utilization  diagrams  (EUDs).  Two  cases  with 
different  flow  ratios  were  investigated,  and  the  results  showed  the 
effect  of  flow  ratio  on  exergy  losses,  the  lower  flow  ratio  increases 
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the  premixing  exergy  loss  in  the  absorber.  The  EUD  methodology 
was  found  to  be  a  useful  tool  for  predicting  and  analyzing  the  AHT. 


8.  Economic  aspects 

Smolen  and  Budnik-Rodz  [96,97]  presented  a  study  about 
technical  and  economic  aspects  of  different  low  temperature  heat 
use  systems,  which  included  an  absorption  heat  transformer.  The 
investment  cost  and  economic  analysis  of  AHT  were  estimated  on 
the  basis  of  comparable  absorption  heat  pump  installation,  due  to 
the  reason  that  this  was  a  new  technology  and  there  are  no 
technical  installations  on  the  market.  They  suggested  that  high 
efficiency  of  energy  transformation  does  not  mean  economic 
profitability,  and  it  depends  on  the  proposed  technical  variant 
and  a  positive  capital  value  which  was  possible  by  a  standard 
interest  rate  and  amortization  period.  Total  heat  transfer  area  of 
the  real  absorption  heat  transformers  was  a  vital  issue  for  the 
investment  costs  of  the  systems;  therefore,  heat  transfer  is  of 
distributions  that  should  be  optimized  [88], 

Zhang  et  al.  [98]  proposed  an  investigation  about  absorption 
heat  transformer  and  flash  evaporator  to  decrease  the  consumption 
of  C02  capture  processes.  By  comparing  the  mentioned  system  with 
base  C02  capture  system  it  was  found  out  that  energy  saving  is 
about  2.62%.  Also  by  performing  an  economic  analysis  they  con¬ 
cluded  that  the  annual  profit  was  about  2.94  million  RBM  Yuan  and 
the  payback  period  is  approximately  2.4  years.  Ma  et  al.  [9] 
performed  an  economical  analysis  on  an  industrial-scale  absorption 
heat  transformer  in  China  with  the  aim  of  heat  recovery  from  waste 
heat  of  synthetic  rubber  plant  of  Yanshan  Petrochemical  Corpora¬ 
tion,  Beijing,  China.  By  applying  this  heat  recoveiy  system  the  steam 
consumption  per  ton  of  rubber  plant  decreased  from  2.53  to  1.04 
which  resulted  in  3.458  million  Yuan  (RMB)  profit  per  year.  Also  the 
static  payback  period  was  about  2.01  years. 

Jana  [99]  conducted  a  study  about  reviewing  advances  in  heat 
pump  assisted  distillation  column.  The  study  covered  both  ther¬ 
modynamic  and  economic  aspects  of  different  studies  on  absorp¬ 
tion  heat  pump  and  absorption  heat  transformer. 


9.  Conclusion 

Environmental  issues  and  energy  saving  concerns  have  always 
been  a  major  global  problem.  Absorption  cycles  can  play  an 
important  role  due  to  their  capability  of  reducing  discharge  and 
reusing  large  amounts  of  industrial  waste  heat.  A  review  of  major 
technologies  of  absorption  heat  transformers  comprising  their 
varieties,  applications,  crystallization  risk,  working  fluids,  and 
performance  evaluation  by  applying  different  models,  and  eco¬ 
nomic  aspects  was  presented. 

Besides  the  reduction  of  energy  consumption  and,  thereby, 
overall  cost,  the  AHT  systems  can  be  considered  as  an  appropriate 
heat  source  for  several  industrial  applications,  because  of  their 
simple  structure  and  operation  and  the  supreme  characteristic 
that  is  boosting  mid  or  low-level  heat  sources  such  as  industrial 
waste  heat  and  renewable  energy  sources  such  as  solar  and 
geothermal,  to  higher  levels.  Through  this  review  paper,  we  hope 
to  convey  one  key  message  that  further  efforts  in  improving  the 
absorption  heat  transformer  technology  will  optimize  the  energy 
use  and  reduce  the  carbon  footprint  of  numerous  chemicals,  less 
C02  emission  and  decreasing  potentially  the  possibility  of  ozone 
layer  depletion.  Finally,  it  will  draw  wider  interest  to  the  use  of 
absorption  heat  transformers. 
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